Background: Subtelomeric imbalance is widely accepted as related to developmental delay/mental retardation (DD/ MR). Fine mapping of aberrations in gene-enriched subtelomeric regions provides essential clues for localizing critical regions, and provides a strategy for identifying new candidate genes. To date, no large-scale study has been conducted on subtelomeric aberrations in DD/MR patients in mainland China.
techniques, such as fluorescent in situ hybridization (FISH), multiplex ligation dependent probe amplification (MLPA) and array comparative genomic hybridization (aCGH), has resulted in detection of submicroscopic subtelomeric rearrangements in approximately 5% (0-23%) of DD/MR patients [7] [8] [9] [10] [11] [12] [13] [14] .
Subtelomeric regions are usually enriched for genes, and are more susceptible to aberrant rearrangements than other chromosomal regions [15, 16] . Subtelomeric imbalance is widely accepted as leading to DD/MR or multiple congenital anomalies (MCA), although the exact cause-and-effect relationship has not been well defined [17] [18] [19] [20] [21] [22] [23] [24] . The clinical consequences are probably determined by the location and kind of the rearrangement, such as deletions or duplications, as well as the size of the aberrations, including the numbers and function of the genes involved [20] . These aberrant regions are likely to contain undiscovered candidate genes associated with DD/MR. Fine mapping of aberrant subtelomeric regions to determine the critical regions and genes has become a new strategy for identifying novel candidate genes for DD/MR [25] .
In 2007, 11,820,000 people in mainland China had an intellectual disability, of whom 954,000 were younger than 6 years of age. To date, no large-scale study has been conducted on subtelomeric aberrations in Chinese DD/ MR patients. Here we report the investigation of 451 Chinese children with clinically unexplained DD/MR, using subtelomere-MLPA and Affymetrix human SNP array 6.0. Subtelomeric aberrations were identified, their exact sizes were defined, and possible candidate genes are proposed.
Methods

Patients
Patients with unexplained DD/MR were defined as those without etiological diagnosis after thorough clinical evaluations, and were included based on the following criteria: 1) moderate to severe DD/MR (IQ < 55, assessed with Gesell Developmental Schedules or Wechsler intelligence scale for children); 2) definite exclusion of perinatal brain injury; 3) no history of toxication, hypoxia, central nervous system infection and cranial trauma; 4) normal routine karyotyping; 5) no evidence of recognizable inherited metabolic disorder or specific neurodegenerative disorders by brain imaging and blood/urinary metabolic screening; 6) negative for mutations in the FMR1 gene for male patients; 7) negative for typical clinical features of Rett syndrome for female patients.
All 451 subjects were Chinese children from the Department of Pediatrics in Peking University First Hospital and Department of Neurology in Beijing Children's Hospital, recruited from 2006-2008, and informed consent was obtained. Genomic DNA was extracted from peripheral blood for each index patient and his or her parents. The research was approved by Medical Ethics Committee of Peking University First Hospital.
MLPA for screening of subtelomeric rearrangements
A specifically designed set of probes for testing subtelomeric imbalances in the SALSA P070 and P036B human telomere test kits (MRC-Holland, Amsterdam, Netherlands; http://www.mrc-holland.com) was used. For each patient with consistent positive results from both kits, their parents' samples were tested.
The MLPA mix contained probes for all subtelomeric regions except the short arms of the acrocentric chromosomes (13p, 14p, 15p, 21p and 22p), for which, probe recognition sequences were on the q arm, in one of the genes just proximal to the telomeric repeats. Sequences detected by two probes mixes were different from each other. MLPA analysis was performed following the manufacturer's instruction. Amplification products were identified and quantified by capillary electrophoresis on an ABI 3100 genetic analyzer. The fluorescent signal strength of the PCR products was determined using Genemarker1.5 software. For each patient, the normalized peak pattern of each subtelomeric region was divided by the average peak pattern of all samples (n > 10) in the same experiment. The resulting values were approximately 1.0 for wild type peaks, <0.75 for deletions, and >1.3 for duplications.
Affymetrix human SNP array 6.0 assay
To confirm and accurately define the exact size of each subtelomeric aberration region found by MLPA, Affymetrix genome-wide human SNP array 6.0 was used. Each array has 1,800,000 genetic markers, including more than 906,600 single nucleotide polymorphisms (SNPs) and more than 946,000 probes for the detecting copy number variations (CNVs). The high density of the probes across the genome and combination of a SNP array with aCGH probes in a single chip enabled the accurate definition of the size of each aberrant region.
Digestion, ligation, PCR, labeling, hybridization and scanning were performed following standard protocols.
Partek software (version 6.3) was used for the analysis of CNVs. Duplicated or deleted regions were determined by Hidden Markov Model (HMM) calculation. Involvement of at least three contiguous probe sets was required, and when a copy number calculated by HMM as <1.5 was considered a deletion, while >2.5 was considered a duplication.
Results
Screening of subtelomeric rearrangements with MLPA revealed an abnormality in 34 of 451 patients. Deletion in a single region was found in 22 patients (15pter del in 5; 4pter del in 4; 13pter del in 3; 11qter del in 2; 9pter del in 2; and deletion in 1pter, 7qter, 8pter, 15qter, 16pter and 22qter in 1 patient each). Deletions in two different subtelomeric regions were identified in 2 patients (13pter del + 22qter del, 14qter del +17qter del). Duplication in single subtelomeric region was found in 3 patients (3qter dup in 2; 22qter dup in 1). 7 patients were found to have both a deletion and duplication (8pter del + 7pter dup in 2; 2pter del + 4pter dup; 10pter del + 6qter dup; 9pter del + 19pter dup; 7pter del + 12pter dup; and 6pter del + 8pter dup). Subsequent MLPA assay for parents showed that all rearrangements were absent in the parents.
To further confirm and accurately define the exact size of each subtelomeric aberration detected by MLPA, subsequent assay with Affymetrix genome-wide human SNP array 6.0 was performed on 24 patients. Because the MLPA probe recognition sequences for 13p and 15p are actually on the q arm, and do not represent the subtelomeric regions, 8/34 subjects with 15pter del or 13pter del were not studied further. Array analysis was also not performed for an additional 2 of the 34, specifically with 8pter del + 7pter dup, and 9pter del + 19pter dup, due to insufficiency of DNA samples.
Subtelomeric copy number aberrations were confirmed in 23 of 24 patients, with a final detection rate of 5.1% (23/451), of which 16 (69.6%) were found to have simple deletions, 2 (8.7%) had a simple duplication and 5 (21.7%) had complex rearrangements. The deletions involved 14 different subtelomeric regions (1p, 2p, 4p, 6p, 7p, 7q, 8p, 9p, 10p, 11q, 14q, 15q, 16p and 22q), and duplications involved 7 subtelomeric regions (3q, 4p, 6q, 7p, 8p, 12p and 22q). In 4p, 7p, 8p and 22q, both subtelomeric deletions and duplications were detected. The size of the deletions varied from 0.6 Mb to 12 Mb, with 5-143 genes inside. Duplicated regions were 0.26 Mb to 11 Mb, with 6-202 genes inside.
Clinical features of patients and the results from MLPA and Array are summarized in Table 1 and Table 2 .
Discussion
Since the identification of submicroscopic subtelomeric rearrangements as a cause of idiopathic MR in 1995, testing for subtelomeric abnormalities has become an important clinical evaluation step for the etiological diagnosis of unexplained DD/MR in Western countries [1, 4, [26] [27] [28] [29] . This is the first large-scale study carried out on submicroscopic subtelomeric aberrations in Chinese patients.
Subtelomeric aberrations identified in Chinese patients
Obtaining an accurate prevalence for subtelomeric aberrations in idiopathic DD/MR is difficult [7] . Using MLPA followed by array analysis, we achieved a detection rate of 5.1% (23/451) in Chinese patients with moderate to severe clinically unexplained DD/MR. This was compara-ble to most previous reports on other populations. We identified several well-known terminal deletion syndromes in 4p16.3, 1p36, 22q13.3 and terminal 11q. Rare chromosomal terminal aberrations were also found, including deletions in 8p23.3, 7q36.3, 15q26.2-q26.3 and 14q32.3, as well as 22q13 duplication. Of all the subtelomeric aberrations found in Chinese subjects, the most common was 4p16.3 deletion (Wolf-Hirschhorn syndrome), identified in 4/23. In this study, four deleted subtelomeric regions and one duplicated region were smaller than any other previously reported, specifically the deletions in 11q25, 8p23.3, 7q36.3, 14q32.33, and the duplication in 22q13. This information will be helpful for further defining the critical regions that contain candidate DD/ MR-associated genes.
Subtelomeric aberrations smaller than previous reports 11q terminal deletion
We found 2 patients (patient 419 and 1591) with an 11q terminal deletion, which is reported to present with DD, short stature, congenital heart disease(CHD), thrombocytopenia, genitourinary anomalies, pyloric stenosis, and ophthalmologic defects. The critical regions of the deletion might correlate with specific clinical phenotypes. Grossfeld et al defined critical regions for 14 individual phenotypes [30] . The smallest critical region (6.8 Mb) they reported extended from D11S1351 (located in 11q24.2) to the telomere, and was associated with four phenotypes, including Paris-Trousseau platelet disorder, undescended testes, pyloric stenosis, and MR. Coldren et al proposed two loci in distal 11q related to global and selective deficits in neurocognitive function [31] . The smallest deletion 11q terminus was reported by Bernaciakin in 2008, which was 5 Mb in size [32] . In our study, patient 419 had a 4.11 Mb deletion in 11q25, spanning from 130.33 Mb to 134.45 Mb (figure 1), which is smaller than any other previous reports. The patient had DD and facial dysmorphism including thin upper lip, V-shaped mouth, micrognathia and low-set ears, but without platelet disorder, undescended testes or pyloric stenosis. Thus, the critical region underlying the phenotype of DD/MR in 11q terminal deletion disorder is probably in the most distal part, within 4.11 Mb of the telomere. The deleted region contains 20 genes, with 14 expressed in human brain. SNX19 (sorting nexin-19), THYN1 (thymocyte nuclear protein 1), OPCML (opioid-binding protein/cell adhesion molecule-like), VPS26B (vacuolar protein sorting 26, yeast, homolog of B), NCAPD3 (non-SMC condensing II complex subunit D3) and NTM (neurotrimin) might be candidate genes, and the encoded proteins are associated with intracellular trafficking, phosphoinositide binding, mitotic chromosome assembly and segregation, outgrowth of neurites, and apoptosis.
8p23.3 deletion
Microscopically visible distal 8p deletions are associated with growth and mental impairment, minor facial anomalies, congenital heart defects, and behavioral problems. Submicroscopic subtelomeric 8p deletion is uncommon, with only a few reported cases [33] . de Vries BB et al reported two cousins with 5.1 Mb of terminal 8p deletion, who presented with mild MR, normal facial appearance, normocephaly and behavioral problems such as unsocialized conduct disorder [34] . We found 1 patient (339) with a very small deletion in terminal 8p, 2.06 Mb to the telomere (in 8p23.3). This one-year-old girl presented with DD, microcephaly and minor facial dysmorphism. Thus, we can define the critical region underlying DD/ MR in subtelomeric 8p deletion within the distal 2.05 Mb. This area contains 28 genes, and 12 are known to be expressed in human brain. Among them, CLN8 and DLGAP2 (discs large-associated protein 2) might be candidate genes. CLN8 is involved in lipid synthesis and transportation, and mutations are related to neuronal ceroid lipofuscinoses (NCL), an autosomal recessive neu-rodegenerative disorder. The product of DLGAP2 is a membrane-associated guanylate kinases localized at postsynaptic densities in neuronal cells. This kinase is in a family of signaling molecules found at various submembrane domains, and may play a role in the molecular organization of synapses and in neuronal cell signaling.
7q terminal deletion
A few cases were found to have terminal 7q deletions. The 7q36-qter deletion is usually associated with DD/ MR, low birth weight, growth retardation, abnormal skull shape, and some facial dysmorphism like nose malformation, hypertelorism, and ear malformation [35] . This study reports a patient with the smallest deletion (1.53 Mb) detected in terminal 7q to date. She was 2 years of age, and presented with DD, microcephaly, low hair line, ocular hypertelorism, ptosis, and prominent ear and hand malformations. The deleted region was in 7q36.3, spanning from 157.29 Mb to 158.82 Mb, which contains only seven genes. PTPRN2 (protein tyrosine phosphatase, receptor type N), NCAPG2 (leucine zipper protein 5), VIPR2 (vasoactive intestinal peptide receptor 2), 
22q13.3 deletion and duplication
We found both deletions and duplications in terminal 22q (patient 390 with 22q13.31-13.33 deletion, patient 2498 with 22q13.32-13.33 deletion and patient 1729 with 22q13.33 duplication). 22q13.3 deletion syndrome is a recognizable malformation syndrome associated with DD, hypotonia, delayed or absent speech, autistic-like behavior, normal to accelerated growth and dysmorphic faces with epicanthal folds, large/dysplastic ears, pointed chin, dolichocephaly and ptosis [40, 41] . Anderlid et al refined the critical area to 100 kb in 22q13.33, which contains three genes, ProSAP2 (SHANK3), ACR (acrosin precursor) and RABL2B (RAB, member of RAS oncogene family-like 2B) [42] . SHANK3 is a good candidate gene, as it is preferentially expressed in the cerebral cortex and cerebellum, and encodes a scaffolding protein involved in the postsynaptic density of excitatory synapses. De novo deletions and mutations of SHANK3 have been found in individuals with autism [43] [44] [45] [46] [47] uterine growth retardation, CHD and other dysmorphism were described [48] . Patient 1729 had some facial dysmorphism, CHD, microcephaly and growth delay. She had a 258 kb duplication, spanning from 4.93 Mb to 4.96 Mb. To our knowledge, this is the smallest reported duplication in the terminal region of 22q. Seven genes reside in the duplicated area, which contains SHANK3, ACR, RABL2B, MAPK8IP2 (mitogen-activated protein kinase 8 interacting) and ARSA (arylsulfatase A, isoform b). Therefore deletion as well as duplication of critical genes like SHANK3, are likely to be associated with common phenotypes like DD/MR, since DD/MR is shared by all patients with 22q13.33 deletion or duplication.
Subtelomeric duplications
We found pure terminal duplications in 2/451 subjects (0.4%). Subtelomeric pure microduplications are an infrequent cause of MR/MCA with a frequency of approximately 0.5% [49] . We identified 22qter and 3qter microduplications. Patient 1038 showed common features of the dup (3q) syndrome including hirsutism, microcephaly, low-set ears, malformation of hands, cryptorchidism and CHD [50] . He had recurrent afebrile seizures since 3 months of age. A 5.0 Mb duplication in 3q29 (from 194.37 Mb to 199.38 Mb) was detected in this patient, containing 67 genes. Our finding supports the observation made by Battaglia et al. [51] , who suggested that the critical region underlying the phenotype of dup 3q is in 3q29.
Common phenotypes in submicroscopic subtelomeric aberrations
For most subtelomeric rearrangements, a specific phenotype has not been defined, making recognition and selection of patients for such tests challenging in clinical practice. Some common clinical features might be shared by patients with various subtelomeric abnormalities. A five-item checklist of clinical features for pre-selection of patients for subtelomeric rearrangements was proposed by de Vries BB et al, including: 1) family history of MR; 2) prenatal onset of growth retardation; 3) postnatal growth abnormalities; 4) at least two facial dysmorphic features; and 5) at least one non-facial dysmorphic feature and/or congenital abnormality [52] . In our study, for patients with moderate to severe DD/MR with a normal karyotype, those with subtelomeric rearrangements (n = 23) had a higher percentage of microcephaly ( 
Conclusions
This large-scale study reports the detection of submicroscopic subtelomeric aberrations in Chinese patients with DD/MR for the first time. Subtelomeric rearrangements were found in 5.1%. Although benign subtelomeric variations exist [53] , most de novo subtelomeric aberrations are considered pathogenic. Further observations of a larger number of patients with similar submicroscopic subtelomeric abnormalities may lead to the recognition of specific phenotypes, and will be helpful in the clinical etiologic diagnosis of DD/MR. More important, fine mapping of aberrations in gene-enriched subtelomeric regions provides essential clues for localizing critical regions, and provides a strategy for identifying new candidate genes associated with DD/MR.
